By a suppression subtractive hybridization based method, nine novel Mycobacterium avium subsp. paratuberculosis (M. paratuberculosis) fragments of between 318 and 596 bp have been identified and characterized. Database search revealed little or no similarity with other mycobacteria. The uniqueness and diagnostic potential of seven of these fragments in relation to M. paratuberculosis closest relative Mycobacterium avium subsp. avium (M. avium) was confirmed by species-specific PCR and Southern blot. Furthermore, RT-PCR indicated that eight of the nine fragments originate from areas of the genome that are expressed in vitro. ß
Introduction
Mycobacterium avium subsp. paratuberculosis (M. paratuberculosis) is an obligate, intracellular bacterium, the etiological agent of paratuberculosis (Johne's disease). This disease is a slowly progressing, chronic enteric disorder known to occur world-wide and to a¡ect both domestic and wild ruminants, with signi¢cant impact on the agricultural economy [1] . M. paratuberculosis and M. avium subsp. avium (M. avium) show a DNA homology of more than 95% at the genomic level [2, 3] , but di¡er considerably with respect to host range and pathogenicity [4] .
Until recently, only a few M. paratuberculosis-speci¢c genes and antigens/epitopes have been identi¢ed [5^10] and presently, the development of a speci¢c immunological test for the detection of M. paratuberculosis, is still hampered by the antigenic cross-reactivity between M. paratuberculosis and other mycobacteria, especially M. avium.
However, the fundamental di¡erences in habitat and virulence between M. paratuberculosis and M. avium seem to indicate the presence of genetic factors, that determine these di¡erences. In this perspective, the identi¢-cation of additional genes restricted to M. paratuberculosis is important, as these genes may play a unique biological role and serve as sources of speci¢c antigens or virulence factors of M. paratuberculosis.
At the time of writing, the genome sequencing projects for both M. avium and M. paratuberculosis are under way, and preliminary in silico comparisons have already led to the identi¢cation of new M. paratuberculosis-speci¢c regions [11] . Another method, that allow species-speci¢c DNAs to be selected directly, is subtractive hybridization [12] . In this study a suppression subtractive hybridization (SSH)-based method was used to isolate a number of DNA sequences from M. paratuberculosis that were absent or substantially di¡erent in the genome of M. avium [13] . These fragments were also di¡erent from any previously identi¢ed M. paratuberculosis-speci¢c elements [5^11].
Materials and methods

Bacterial strains and growth conditions
The bacterial strains used in this study are listed in Table 1 J. Frozen bacterial stocks of Mycobacterium terrae, Mycobacterium vaccae, M. avium (ATCC15769), Mycobacterium scrofulaceum and Mycobacterium szulgai for DNA extraction were provided by colleagues at the Statens Serum Institut, Copenhagen, Denmark. Escherichia coli XL1-blue cells (Stratagene, La Jolla, CA, USA) were used as host strains for recombinant plasmids.
Subtractive hybridization
DNA was extracted by a method described by Belisle and Sonnenberg [14] . SSH was performed using the CLONTEC PCR-Select1 Bacterial Genome Subtraction Kit (Clontec Laboratories, Inc. Heidelberg, Germany) [12] . Approximately 2.0 Wg of M. paratuberculosis DNA ('tester') and M. avium DNA ('driver') were digested with the enzyme RsaI. The 'tester' DNA was divided into two separate portions of V50 ng that each were ligated with Adaptor 1 and Adaptor 2R, respectively. In the ¢rst hybridization V500 ng of 'driver' DNA was added to each tube. Then the mixtures were denatured at 98 ‡C for 1.5 min and subsequently allowed to anneal at 63 ‡C for 1.5 h. In the second hybridization the two 'tester' DNAs with di¡erent adaptors were mixed together and another 250 ng of fresh denatured 'driver' DNA was added, to further enrich for 'tester'-speci¢c sequences. The reaction was incubated at 63 ‡C overnight and subsequently diluted with 200 Wl of dilution bu¡er.
1 Wl of the hybridization reaction was used for M. paratuberculosis-speci¢c PCR ampli¢cation in a 25-Wl reaction volume containing standard PCR bu¡er (Perkin Elmer, Boston, MA, USA), 2 mM MgCl 2 , dNTP (10 mM each) and the adaptor-speci¢c primer supplied with the hybridization kit. A PCR of 28 cycles was performed under the following parameters: an initial step at 72 ‡C for 5 min to ¢ll-in the overhangs, then denaturing at 94 ‡C for 1 min, annealing at 65 ‡C for 1 min and extension at 72 ‡C for 2 min. To further reduce background, the resulting PCR product was diluted (2 Wl of in 78 Wl H 2 0) and a nested PCR was performed (15 cycles, annealing at 66 ‡C).
Isolation of subtracted fragments
The subtracted M. paratuberculosis DNAs were inserted into a T/A cloning vector (TOPO TA Cloning 0 Kit, Invitrogen, Carlsbad, CA, USA) to make a subtracted DNA library. Recombinant hybridization clones were PCR ampli¢ed using M13-forward and -reverse vector primers. PCR reactions were carried out in a 50-Wl reaction volume containing standard PCR bu¡ers as previously described. The reactions were ampli¢ed under the following conditions: an initial denaturing step at 94 ‡C for 4 min, 32 cycles at 94 ‡C for 1 min, 55 ‡C for 1 min, 72 ‡C for 2 min and a ¢nal extension at 72 ‡C for 10 min. PCR results were analyzed on 1.5% agarose gels.
Sequencing and DNA analysis
Both strands of the subtracted fragments were sequenced on an automatic sequencer 377 (Applied Biosystems, Foster City, CA, USA) using the dye termination method. Sequence assembly and editing by the programs Factura (Applied Biosystems), Autoassambler (Applied Biosystems) and DNASIS 0 (Hitachi Software). Sequence homology analyses were performed by using GenBank and TIGR BLAST network services. Gel eletrophoresis and Southern analysis were done according to standard procedures [15] . 
PCR with fragment-speci¢c primers
For nine of the subtracted fragments speci¢c primers were designed. The primer sequences are listed in Table  2 . PCR reactions were carried out in a 50-Wl reaction volume using the same bu¡ers as previously mentioned. The reactions were ampli¢ed under the following conditions: an initial denaturing step at 94 ‡C for 4 min, 32 cycles at 94 ‡C for 1 min, 54 ‡C for 1 min, 72 ‡C for 2 min and a ¢nal extension at 72 ‡C for 10 min.
RNA extraction, cDNA synthesis and RT-PCR
Total mycobacterial RNA was extracted with RNAwiz1 (Ambion, Austin, TX, USA) according to the supplied protocol and subsequently treated with DNase I. Random decamers were used to prepare cDNA by reverse transcription from total RNA according to the protocol supplied with the product (RETROscript First Strand Synthesis Kit for RT-PCR, Ambion). The reverse transcription was carried out for 1 h at 44 ‡C. A minus-RT control, including all the components of the RT reaction except the reverse transcriptase, was included.
1 Wl of the RT reaction and the minus-RT control were ampli¢ed with each of the nine fragment-speci¢c primer sets (Table 2 ) in a 20-Wl reaction volume containing standard PCR bu¡er as previously described and using an initial denaturation step at 94 ‡C for 5 min, 34 cycles of 94 ‡C for 1 min, 54 ‡C for 1 min, 72 ‡C for 2 min, and ¢nally one extension period of 72 ‡ for 10 min. After ampli¢cation, 1/5 of the reaction volume was electrophoresed through an 2% agarose gel (Fig. 1). 
Nucleotide sequence accession numbers
Results and discussion
Southern blot hybridization and PCR ampli¢cation
By subtractive hybridization against the closely related species M. avium, an M. paratuberculosis subtracted library was constructed. From this library 86 clones were obtained and sequenced in both directions, resulting in 42 di¡erent sequences with a mean length of 350 bp. The obtained mean fragment size is in agreement with the fact that shorter segments are optimal for subtraction and that the enzyme RsaI generates fragments with a mean size of 340 bp. Of the 42 subtracted fragments, 24 (57%) appeared to be speci¢c to M. paratuberculosis, as de¢ned by less than 70% DNA sequence match to the M. avium genome (BLAST search in TIGR database). The observation, that previously reported M. paratuberculosis-speci¢c genes were not represented among these fragments, illustrated that the SSH method applied was not exhaustive. In order to detect additional M. paratubercu- losis-speci¢c fragments, more hybridization experiments, applying di¡erent enzyme combinations, will probably be needed. The nine largest subtracted fragments (designated Mptb and the number of the clone) were chosen for further analysis; molecular data for each of the fragments are summarized in Table 3 . For each of the nine fragments speci¢c primers were designed (Table 2 ) and the speci¢city of the M. paratuberculosis DNAs as probes was examined by Southern blot analysis with M. paratuberculosis (ATCC19698) and M. avium (ATCC25291) chromosomal DNAs. All nine subtracted fragments hybridized strongly with the M. paratuberculosis DNA but failed to hybridize with M. avium DNA. Thus all nine fragments appear to represent probes capable of distinguishing between the two subspecies of M. avium.
Assessment by PCR demonstrated that seven of the fragments, isolated by SSH, were all present in ATCC19698 and ¢eld strains of M. paratuberculosis isolated from deer, pig, goat, cow and sheep but absent from M. avium (ATCC25291, ATCC15769 and 9604127) and a number of environmental Mycobacterium species listed in Table 1 . One fragment, Mptb54.16, was absent in the human M. paratuberculosis isolate (ATCC43015) while the Mptb52.6 fragment was also present in Mycobacterium xenopi, M. terrae, M. scrofulaceum, ATCC15769 and 9604127^but in all cases the bands were of a di¡erent size than the ones observed from the M. paratuberculosis strains.
Fragment analysis and RT-PCR
At the amino acid level, one fragment, Mptb61.32, was 74% homologous to M. avium but the same level of homology was shown to hypothetical proteins of Mycobacterium leprae (73%) and Mycobacterium tuberculosis (79%) ( Table 3 (Table 3) . Consequently, these sequences may be from either the initial or the terminal part of putative coding genes. The fragment Mptb52.6 had no long ORF and the fragment Mptb55.15 was blocked in all three reading frames in both directions of the sequence.
RT-PCR using fragment-speci¢c primers resulted in PCR products of the expected size for all the genetic elements except Mptb55.15 (Fig. 1) . The lack of ampli¢ed product for Mptb55.15 in the RT-PCR was in accordance with the fact that this fragment appeared to be blocked in all reading frames. The minus-RT controls were all blank, which suggests that the template for the PCR products was cDNA. Consequently, all but one fragment, Mptb55.15, seem to originate from areas of the M. paratuberculosis genome that are expressed in vitro. The results of the RT-PCR, in combination with the length of the ORFs found in seven of the fragments and the presence of putative promoter sequence and Shine^Delgarno element in at least two of the fragments, render it likely that these sequences originate from coding genes.
Conclusion
At the time of writing, only few M. paratuberculosisspeci¢c epitopes/antigens have been described. One is a 30-bp sequence of the gene HspX [9] , which is present within infected macrophages and is detected by sera in a low percentage of infected cattle [16] . Another is a polypeptide, a362, containing speci¢c B-cell epitopes [7] . This antigen originates from a 34-kDa protein belonging to the major antigen complex A36 of M. paratuberculosis, and is speci¢cally recognized by sera from cattle infected with M. paratuberculosis. However, the performance of an a362 ELISA is not higher than that of the commercial available immunoassays, which all have sensitivity levels in the range of 26.6^58.8% [17] . So it seems that additional M. paratuberculosis-speci¢c antigens are needed in order to achieve an improved sensitivity of M. paratuberculosis immunoassays. In that respect, seven of the nine fragments, described in this study, deserve further investigation, as they all appear to be both speci¢c to M. paratuberculosis and to be expressed in vitro. To examine whether any of the fragments have diagnostic potential, identi¢cation, characterization, and recombinant expression of entire genes is currently being undertaken. The reactivity of any resulting recombinant proteins will subsequently be tested with sera from paratuberculous cows.
Also, the data presented here suggest that the M. paratuberculosis species-speci¢c DNA fragments described in this study have the potential of being used as additional speci¢c probes to distinguish between M. avium and M. paratuberculosis, and at least seven of the nine fragment-speci¢c primer pairs may be applied in an M. paratuberculosis-speci¢c PCR assay.
